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engulfing or migrating cells, the activation of membrane-Cell Engulfment,
localized CED-10/Rac, and the subsequent induction ofNo Sooner ced Than Done cytoskeletal rearrangements, necessary for cell shape
changes (Reddien and Horvitz, 2000; Albert et al., 2000).
Three papers published in this issue of Developmental
Cell and a recent issue (October 5) of Cell now describeThree genes, ced-2, ced-5, and ced-10, are required
the identification and characterization of a new gene,for both cell corpse engulfment and distal tip cell mi-
ced-12, involved in cell corpse engulfment and DTCgration in C. elegans. Recently, a fourth gene, ced-
migration in C. elegans (Gumienny et al., 2001; Wu et12, has been identified that is required for these two
al., 2001; Zhou et al., 2001). The data presented indicateprocesses. ced-12 encodes a novel, conserved adap-
that the CED-12 protein represents a novel, conservedtor molecule involved in the activation of Rho/Rac/
component of the CED-2/CrkII-CED-5/DOCK180 com-CDC42-like GTPases.
plex (see Figure).
Using genetic screens for C. elegans mutants with
The swift disposal of dying cells or cell corpses through
defects in the engulfment of cell corpses or the migration
their engulfment by neighboring, phagocytic cells is an
of DTCs, the three groups independently identified mu-
important aspect of programmed cell death or apoptosis
tations in the gene ced-12. ced-12 encodes a novel
(Savill and Fadok, 2000). The engulfment process in-
protein with a pleckstrin homology (PH) domain and avolves specific interactions between two cells, the dying
SH3 binding domain, both of which are required for CED-cell and the engulfing cell, and can be divided into the
12 function. CED-12 is evolutionarily conserved with onefollowing steps: the generation of an “eat me” or cell
CED-12-like protein existing in Drosophila (DrosCED-corpse signal on the cell surface of the dying cell, the
12 or DCED-12) and three in humans (ELMO1, ELMO2/recognition of this signal by the engulfing cell, the trans-
HCED-12A, ELMO3). Genetically, the ced-12 gene func-duction of the signal to the cellular machinery of the
tions with ced-2 and ced-5 upstream of ced-10 in theengulfing cell, and, finally, the actual phagocytosis of
engulfing or migrating cell. Indeed, the CED-2, CED-5,the cell corpse by the engulfing cell.
and CED-12 proteins, as well as their mammalian coun-Two partially redundant pathways, defined by the
terparts, interact physically. The authors demonstrategenes ced-1, ced-6, and ced-7 on the one hand and by
that CED-12/ELMO1 interacts with CED-5/DOCK180,the genes ced-2, ced-5, and ced-10 on the other, are
which simultaneously can interact with CED-2/CrkII,involved in the engulfment of cell corpses in C. elegans.
thereby forming a ternary complex.While ced-1, ced-6, and ced-7 play a role in the recogni-
Gumienny et al. address the function of this ternarytion of a cell corpse signal in engulfing cells and possibly
complex in vivo by cotransfecting plasmids encodingin the generation of this signal in dying cells, ced-2,
ELMO1-GFP, DOCK180, and CrkII into the phagocyticced-5, and ced-10 are involved in the transduction of
fibroblast line LR73. The cotransfection of all three plas-probably a different cell corpse signal to the cellular
mids resulted in a robust increase in the ability of themachinery of engulfing cells (Hengartner, 2001). ced-2,
cells to engulf carboxylate-modified beads. This effectced-5, and ced-10 function in the engulfing cell and
was dependent on the ability of the three proteins toencode components of a conserved Rac GTPase signal-
interact physically. The transfected cells also underwenting pathway involved in regulating the actin cytoskeleton
cell shape changes and formed membrane ruffles, whichand controlling cell shape changes required for dynamic
are characteristic of the presence of activated Rac. Theprocesses such as phagocytosis and cell migration (Hall
appearance of membrane ruffles but not the relocaliza-and Nobes, 2000). Mutations in ced-2, ced-5, and ced-
tion and colocalization of ELMO1-GFP, DOCK180, and10, therefore, not only cause defects in cell corpse en-
CrkII to the plasma membrane was dependent on acti-gulfment but also in cell migration, in particular in the
vated Rac1, suggesting that Rac1 acts downstream ofmigration of the gonadal distal tip cells (DTCs). ced-2
the CrkII-DOCK180-ELMO complex. Zhou et al. foundencodes a protein similar to the mammalian SH2 and
that the injection of plasmids encoding CED-12, DCED-SH3 domain-containing adaptor protein CrkII, ced-5 en-
12, ELMO1, or ELMO2/HCED-12A alone into the nucleicodes a protein similar to the human protein DOCK180,
of Swiss 3T3 cells caused changes in the organizationwhich can interact with CrkII, and ced-10 encodes a
of the actin cytoskeleton. However, the synthesis ofprotein similar to mammalian Rac, which is a member
these proteins resulted in actin filament assembly andof the Rho/Rac/CDC42 subfamily of small GTPases (Wu
bundling rather than the formation of membrane ruffles.and Horvitz, 1998; Reddien and Horvitz, 2000). Based
Actin filament bundling in Swiss 3T3 cells is normallyon studies in C. elegans and in human kidney epithelial
induced by the presence of activated Rho. Indeed, thecells, it was proposed that cell corpse signals or migra-
effects seen by Zhou et al. in this system were depen-tional cues lead to the localization of a CED-2/CrkII-
CED-5/DOCK180 complex to the plasma membrane of dent on activated Rho but not on Rac1. Depending on
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in vivo. Their findings provide an important link between
a signaling cascade that transduces various instructive
signals, such as cell corpse signals or migrational cues,
and the actin cytoskeleton.
Many questions, however, still remain to be answered.
It is, for example, not clear how the CED-2/CrkII-CED-
5/DOCK180-CED-12/ELMO complex assembles and how
it becomes localized to the plasma membrane. CED-
12-like proteins contain a PH domain, believed to be
involved in targeting proteins to membranes. Indeed,
Zhou et al. find that the PH domain of CED-12 is required
for the ability of a CED-12-GFP fusion protein to localize
to membranes in C. elegans and to rescue the en-
gulfment defect of ced-12 mutants. CED-12-like pro-
teins, hence, might play an active role in the localization
process. Furthermore, it is not known how the mem-
brane-localized CED-10/Rac is actually activated. Nu-
cleotide-free Rac1 has been shown to associate with
DOCK180. Gumienny et al. now report that a guanine
nucleotide exchange factor (GEF) activity necessary for
the activation of small GTPases can be precipitated with
overexpressed DOCK180 and that this effect is en-
hanced by the coexpression of ELMO1. It is therefore
possible that DOCK180 itself has GEF activity or that
it recruits a GEF to the CED-2/CrkII-CED-5/DOCK180-
CED-12/ELMO complex. Interestingly, Wu et al. report
that mutations in the C. elegans gene unc-73, which
encodes a GEF, cause a DTC migration defect but do
not affect the engulfment of cell corpses. UNC-73 might
therefore function as a GEF for CED-10/Rac specifically
in the DTCs. Also unclear is what triggers the assembly
of the CED-2-CED-5-CED-12 complex and its localiza-
tion to the plasma membrane in the first place in C.
elegans. In human kidney epithelial cells, the engage-
ment of integrin receptors on the cell surface of the
engulfing cells triggers the recruitment of a CrkII-
DOCK180 complex, and this recruitment is mediated
by a protein tyrosine kinase activity and the protein
p130Cas (Albert et al., 2000). Integrins, however, do notModel for the Activation of CED-10/Rac by Cell Corpse Signals or
Migrational Cues appear to play a major role at least in the engulfment
Cell corpse signals or migrational cues activate a still unknown of cell corpses in C. elegans, and a structural homolog of
receptor or receptors in the engulfing or migrating cells. Receptor p130Cas has so far not been identified in the C. elegans
activation leads to the assembly of the CED-2/CrkII-CED-5/ genome (Gumienny et al., 2001; Wu et al., 2001). The
DOCK180-CED-12/ELMO1 complex and its localization to the
receptor or receptors that are activated by cell corpseplasma membrane. The localization of the complex to the plasma
signals and migrational cues, as well as the nature ofmembrane might be mediated by the PH domain of CED-12/ELMO1,
these signals and cues in C. elegans, therefore remainby the interaction of CED-5/DOCK180 with membrane-localized
CED-10/Rac, and possibly by an interaction between the SH2 do- to be determined.
main of CED-2/CrkII and the cytoplasmic domain of the activated The three present papers on ced-12 are the latest in
receptor. The membrane-localized complex might recruit a GEF a string of publications on the engulfment of cell corpses
to CED-5/DOCK180 or activate a GEF activity intrinsic to CED-5/
in C. elegans that have contributed much to our currentDOCK180. The GEF catalyzes GDP/GTP exchange on CED-10/Rac,
understanding of the conserved process of phagocyto-thereby activating CED-10/Rac. GTP-bound CED-10/Rac activates
sis. We can be quite certain that more is to come in thedownstream targets that induce changes in the organization of the
actin cytoskeleton. near future.
Barbara Conradt
Max-Planck-Institute of Neurobiologythe cellular context, the CrkII-DOCK180-ELMO complex
Am Klopferspitz 18amight therefore activate Rac or Rho or possibly both.
D-82152 MartinsriedThe findings presented by Gumienny et al. and Zhou
Germanyet al. clearly demonstrate that the overexpression of the
CED-2/CrkII-CED-5/DOCK180-CED-12/ELMO complex
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med-4(d) mutant channel in cells of the ventral nerveStores to Die For
cord. One complementation group, comprised of four
distinct mutations, revealed the involvement of the cal-
reticulin gene.
What is calreticulin and how might loss of its activityGenes that regulate apoptosis are well defined. In con-
suppress necrosis? Calreticulin is an abundant, widelytrast, it has not been clear what genes are central to
expressed protein found predominantly in the lumen ofnecrotic cell loss. In the September 27th issue of Neu-
the ER, with both chaperone and Ca2binding propertiesron, Xu et al. (2001) report a critical role for genes
(Corbett and Michalak, 2000). RNAi disruption of cal-that regulate storage and release of Ca2 from the
nexin, which shares sequence homology with calretic-endoplasmic reticulum as important to necrotic-like
ulin but is located in the ER membrane, also protectscellular degeneration in Caenorhabditis elegans.
against mec-4(d) toxicity, emphasizing the shared func-
tions of these proteins. Part of the suppression can beDuring development and under pathological conditions,
attributed to simply lowered levels of the MEC-4 proteincell loss is classically characterized as proceeding
itself. MEC-4 is thought to be glycosylated and presum-through one of two morphologically distinct types of cell
ably processed through the ER, and mutation in calre-elimination (Kerr et al., 1972). One pathway, pro-
ticulin apparently affects biosynthesis of the channel,grammed cell death or apoptosis, has been well eluci-
thereby providing one means to reduce toxicity, namely,dated and is typically characterized by condensation
to reduce levels of the toxic protein.of the doomed cell and its organized disruption into
But what about the intriguing possibility of a role forapoptotic bodies. Apoptosis is a common feature of
calreticulin in ER Ca2 homeostasis? Calreticulin wasdevelopment and normal tissue homeostasis, and re-
first identified as a major Ca2 binding protein, and Xuquires defined gene activities, many of which were eluci-
et al. (2001) provide evidence that calreticulin function isdated through the powerful genetic approaches of the
required within cells expressing the mec-4(d) transgene.nematode C. elegans (Metzstein et al., 1998; see Figure).
One can thus imagine that, in the absence of calreticulin,In contrast, it has not been clear whether specific gene
less Ca2 might end up stored in the ER to play havocactivities are involved in the process of necrotic cell
upon toxic insult, thereby resulting long term in neuro-death, which typically occurs in pathological situations
protection. And surprisingly, mutation of calreticulin inand is characterized by cellular swelling and rupture of
C. elegans has generally modest effects on developmentorganelles and membranes. Now, through C. elegans
and behavior.genetics, genes involved in necrotic-like cell death have
To address a role of intracellular Ca2 regulation bybeen defined. Interestingly, these genes reinforce a cen-
the ER in mec-4(d)-induced neurodegeneration, Xu ettral role of calcium—a long recognized player in isch-
al. (2001) used a variety of techniques, including geneticemic and excitotoxic injury (Choi, 1988)—and suggest
and pharmacological approaches. Calcium is releasedthat simply lowering Ca2 storage levels in cells affords
from ER stores by the activities of the inositol triphos-protection.
phate receptor (InsP3R) and ryanodine receptor (RyR)In C. elegans, neuronal loss due to select dominant
Ca2 channels. Mutations in these genes also reducemutations in the mec-4 gene occurs by necrotic-like
med-4(d)-induced cell swelling. Moreover, long-termdeath based on morphological and genetic criteria; the
treatment with Ca2 chelators and dantrolene, a drugneurons swell in the process of degeneration, and death
which blocks release of ER Ca2 stores, partially sup-is independent of initiation and execution genes that
presses mec-4(d) toxicity. Thapsigargin, a drug that in-define programmed cell death, such as ced-3 caspase
hibits Ca2 reuptake by the SERCA ER Ca2pump, atten-(Driscoll and Chalfie, 1991; Chung et al., 2000). The
uates suppression conferred by mutation of calreticulin.mec-4 gene encodes a degenerin Na channel; select
Indeed, thapsigargin treatment alone induces cell swell-gain-of-function alleles that induce necrotic loss of neu-
ing reminiscent of mec-4(d) neurodegeneration. Theserons are thought to result in excessive or toxic ion influx.
combined data support the idea that elevated intracellu-Reported in the latest issue of Neuron, K. Xu, N. Taver-
lar Ca2 from ER stores contributes to necrotic cell deathnarakis, and M. Driscoll have now performed a genetic
induced by mec-4(d) activity.screen in order to define molecular mechanisms of mec-
Additional evidence supports a broad role for calre-4(d)-induced necrotic-like cell death.
ticulin in necrotic-like death that occurs in C. elegans.A number of recessive suppressor mutations were
Other insults, including hyperactivating mutations in ad-identified that restore normal motility to animals para-
lyzed by a transgene driving ectopic expression of a ditional degenerin channel family members and ectopic
